Background/Aims: Chronic stress can lead to cognitive impairment. Senescence-accelerated mouse prone 8 (SAMP8) is a naturally occurring animal model that is useful for investigating the neurological mechanisms of Alzheimer's disease. Here we investigated the impact and mechanisms of chronic stress on cognition in male SAMP8 mice. Methods: Male 6-monthold SAMP8 and SAMR1 (senescence-accelerated mouse resistant 1) mice strains were randomly divided into 4 groups. Mice in the unpredictable chronic mild stress (UCMS) groups were exposed to diverse stressors for 4 weeks. Then, these mice performed Morris water maze (MWM) test to assess the effect of UCMS on learning and memory. To explore the neurological mechanisms of UCMS on cognition in mice, we evaluated changes in the expression of postsynaptic density 95 (PSD95) and synaptophysin (SYN), which are essential proteins for synaptic plasticity. Five mice from each group were randomly chosen for reverse transcription polymerase chain reaction (RT-PCR) and western blotting analysis of SYN and PSD95. Results: The Morris water maze experiment revealed that the cognitive ability of the SAMP8 mice decreased with brain aging, and that chronic stress aggravated this cognitive deficit. In addition, chronic stress decreased the mRNA and protein expression of SYN and PSD95 in the hippocampus of the SAMP8 mice; however, the SAMR1 mice were unaffected. Conclusion: Our results demonstrate that decreased cognition and synaptic plasticity are related to aging. Moreover, we show that chronic stress aggravated this cognitive deficit and decreased SYN and PSD95 expression in the SAMP8 mice. Furthermore, the SAMP8 mice were more vulnerable to the detrimental effects of chronic stress on cognition than the SAMR1 mice. Our results suggest that the neurological mechanisms of chronic stress on cognition might be associated with a decrease in hippocampal SYN and PSD95 expression, which is critical for structural synaptic plasticity.
Introduction
An important aspect of aging research is the age-related decline in cognition. Aging is a major risk factor for Alzheimer's disease (AD) [1] . The senescence-accelerated mouse (SAM) models include 9 senescence-accelerated-prone (SAMP) substrains and 3 senescenceaccelerated-resistant (SAMR) substrains [2] . Of the SAMP substrains, SAMP8 is dominated by accelerated brain aging and age-related spontaneous cognitive impairment, while SAMR1 shows a normal aging process [3, 4] . The cognitive impairment in the SAMP8 mice is associated with pathological alterations in both hippocampal activity (similar to AD) and gene expression [5, 6] . Evidence suggests that the SAMP8 model is useful for investigating cognitive impairment in AD [7] [8] [9] [10] . For example, our previous research shows that cognition in the SAMP8 mice declines with age [11] . Nonetheless, it is not well understood why some brains age normally and others are susceptible to disease. Under some circumstances, stress is an important factor in accelerated brain aging. Stress is a condition that seriously disrupts homeostasis. Stress is associated with several diseases, including anxiety disorders and other psychiatric diseases [12] , and it can also lead to a cognitive deficit. Several studies [13] [14] [15] [16] [17] have demonstrated the detrimental effects of chronic stress on cognitive function, and many studies have found that a higher vulnerability to chronic stress is related to brain aging [18] [19] [20] . However, the neurological mechanisms underlying this effect are not well known.
The term synaptic plasticity is used to describe several types of activity-dependent alterations in synaptic strength. Synaptic plasticity has long been recognized as the neurobiological basis of cognition. Moreover, the structural and functional changes of hippocampal synapses lead to cognitive alterations [21] . The hippocampus, which is one of the most important brain regions that are associated with cognition, is also known as the region that is most vulnerable to internal and external alterations, including those related to brain aging, stress, and neurodegenerative diseases [22, 23] .
The purpose of our research was to investigate the relationship between chronic stress, aging, and cognition, and to explore the possible mechanisms. Therefore, we selected the SAMP8 and SAMR1 mice models to study the effects of chronic stress on spatial memory and the hippocampal expression of SYN and PSD95 (both are markers of synaptic plasticity). To our knowledge, the use of male SAMP8 mice to investigate the role of chronic stress in regulating hippocampal synaptic plasticity has been underreported.
Materials and Methods

Animals
All of the 6-month-old SAM8 and SAMR1 mice were raised with food and water ad libitum, and housed in a room at a constant temperature of 22 ± 2°C with a 12-h light-dark cycle. All of the experimental procedures received the approval of the Ethics Committee for Laboratory Animals at Hebei Medical University, and we strictly conformed to their guidelines for the care and use of the animals in the present study. The mice used in our experiment were a kind gift from David Yew, a professor at the Chinese University of Hong Kong.
Male 6-month-old SAMP8 and SAMR1 mice were randomly divided into 4 groups as follows: 1) R1, SAMR1 mice that were not exposed to chronic mild stress; 2) UCMS+R1, UCMS-challenged SAMR1 mice; 3) P8, SAMP8 mice that were not exposed to chronic mild stress; 4) UCMS+P8, UCMS-challenged SAMP8 mice (n = 20 mice/group).
Unpredictable chronic mild stress
The UCMS procedure that we used in the present has previously been validated in mice, with some modifications [24] . Mice were exposed to various randomly scheduled, low-intensity social and environmental stressors 2-3 times a day for 4 weeks. The stressors included the following: 1) 24 h of food deprivation; 2) 24 h of water deprivation with an empty water bottle for the last 1 h; 3) overnight illumination; 4) 24 h of sawdust removal; 5) 24 h of wet bedding; 6) 6 minutes of forced swimming at 8°C; 7) 1 minute of tail nipping (1 cm from the tip of the tail); and 8) 2 h of physical restraint. Different stressors were applied in a pseudo-random manner every day, and the sequence of stressors was altered every week to guarantee the degree of unpredictability. The UCMS procedure is shown in Table 1 .
Morris water maze (MWM) test
Groups of mice (n = 10/group) were randomly (based on a random number table) selected for the MWM. The MWM was carried out to assess spatial learning and memory. The MWM consist of a black circular tank (with a diameter of 120 cm and a height of 60 cm) that is filled with water (45 cm in depth and a water temperature of 20-22°C) and made opaque with the addition of non-toxic black pigment so that the mice could not see the platform. The tank was divided into 4 imaginary quadrants, and a round transparent platform (diameter 8 cm) was placed at 1 cm under the water surface in the middle of the target quadrant of the basin. In the place navigation test, all mice were released once within each of the four start positions on each day of 5 consecutive days (see Table 2 for the sequences of start positions). Mice were allowed to search for the platform for a maximum of 60 s, and the time taken to find the platform (the escape latency) was measured. If a mouse could not locate the platform within 60 s, it was guided onto the platform, kept there for 10 s before removal from the maze, and the escape latency was recorded as 60 s. At 24 h after the last trial (i.e., on day 6), a probe trial was performed. The platform was removed and the mice were allowed to find the escape platform within 60 s. The escape latency and number of crossings for all of the trials was recorded using the ANY-maze Behavior Analysis System.
Western blotting for SYN and PSD95
Mice (n = 5 per group) were decapitated, their brains were removed, and then rapidly stored at −80°C. Hippocampal tissue samples were prepared from these brains. The samples were homogenized with a glass homogenizer in ice-cold enhanced radioimmunoprecipitation assay lysis buffer containing 50 mM Tris at pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS with 1% phenylmethanesulfonyl fluoride. The homogenate was centrifuged (30 minutes at 12,000 × g, 4°C) and supernatants were collected and stored at −80°C for further use. Protein concentration was determined using a Bicinchoninic acid Assay Kit (Sigma-Aldrich, St. Louis, MO, USA). Samples containing equal amounts of protein (50-μg/20-μL) were separated on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels and then transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). Membranes were blocked for 45 minutes at room temperature with 5% non-fat milk, and then incubated overnight at 4°C with Abcam (Cambridge, MA, USA) primary antibodies, including rabbit anti-SYN (1:10,000), PSD95 Table 1 . Unpredictable chronic mild stress schedule
(1:2,000) and rabbit anti-beta actin (1:2,000). After several washes, the membranes were incubated with the appropriate HRP-conjugated secondary antibodies at room temperature for 2 h, and then the antibody signal was detected using enhanced chemiluminescence (ECL, Millipore, Temecula, CA, USA). Bands were detected using the ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA) and Quantity one software (BioRad). We chose beta-actin as the internal control. The band intensities were normalized to beta-actin and expressed as a percentage of the control samples (R1 group, defined as 100%).
RT-PCR for SYN and PSD95
Mice (n = 5 per group) were anesthetized, and Table 2 . Morris water maze start positions their brains were removed. RNA samples were extracted from approximately 30 mg of hippocampus using the RNeasy mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Reverse transcription was performed on 1 μg of total RNA using a RT-PCR kit (Takara, Kusatsu, Shiga, Japan). The synthesized cDNA was stored at −80°C for further use. The resulting cDNA template was then amplified by PCR using the ExTaq polymerase (Takara). The PCR primers for SYN and PSD95 were designed using Oligo 5.0 software, tested using Primer-BLAST software, and synthesized by Beijing AuGCT DNA-Syn Biotechnology Co., Ltd (Beijing, China) The primer sequences were 5′-CCCCCAACATGGACTGTCTC-3′ and 5′-TGTTCCGTTCACCTGCAACT-3′ for PSD95 (179 bp), and 5′-TTTGCCATCTTCGCCTTTGC-3′ and 5′-CACCCGAGGAGGAGTAGTCA-3′ for SYN (211 bp). The PCR amplification was performed using a Veriti Thermal Cycler (Applied Biosystems, Grand Island, NY, USA). The initial denaturation occurred at 95°C for 5 minutes, followed by 25 cycles for SYN and PSD95, and 25 cycles for beta-actin at 94°C for 30 s. PCR annealing at 55°C lasted for 30 s. PCR extension occurred at 72°C for 1 minute followed by a final extension step at 72°C for 5 minutes. The RT-PCR products were electrophoresed through a 1.5% agarose gel (15 g/L).
The relative mRNA levels of SYN, PSD95, and beta-actin were quantified using band densitometry of gel images in the Quantity one software (Bio-Rad). The expression of SYN and PSD95 mRNA was normalized to beta-actin and then expressed as a percentage relative to the control samples (R1 group, defined as 100%).
Statistical analysis
Data are shown as the mean ± SD. All statistical analyses were performed using SPSS version 19.0. Differences in the place navigation test in the MWM were detected using a repeated measures ANOVA followed by the least significant difference (LSD) post-hoc analysis. All other experimental data were analyzed using a one-way ANOVA. A p < 0.05 was defined as statistically significant.
Results
Chronic stress aggravated the cognitive deficit in the SAMP8 mice
To determine whether chronic stress impaired cognition in the SAMP8 mice, we evaluated hippocampal-dependent spatial learning and memory ability using a MWM experiment. Compared to the R1 group, the escape latency was significantly increased in the P8 group (p < 0.01). However, the chronic mild stress challenge further increased this latency (p < 0.01, UCMS+P8 versus P8; Fig. 1A ). For the probe test, after the removal of the platform, the number of crossings in the platform area was significantly decreased in the P8 group compared to the R1 group (p < 0.01). However, the chronic mild stress challenge further decreased the number of platform crossings (p < 0.01, UCMS+P8 versus P8; Fig. 1B) . No statistically significant difference was found in the escape latency and platform crossings between the R1 and UCMS+R1 groups (Fig. 1) . These data suggest that cognitive functions decreased with brain aging, and that chronic stress aggravated the cognitive deficit in the SAMP8 mice. The stressors in our experiment had no effect on the spatial cognition of the SAMR1 mice.
Western blotting results
PSD95 and SYN expression in the P8 group were significantly decreased compared to the R1 group (PSD95, p < 0.01; SYN, p < 0.01). PSD95 and SYN expression in the UCMS+P8 group was further decreased compared to the P8 group (PSD95, p < 0.01; SYN, p < 0.01). No statistically significant difference was found between the R1 and UCMS+R1 groups (Fig. 2) . These findings indicate that chronic stress downregulated the protein expression of PSD95 and SYN in the SAMP8 mice.
RT-PCR results
The RT-PCR results were similar to the results for protein expression. PSD95 and SYN mRNAs were high in the R1 group compared with the P8 group (PSD95, p < 0.01; SYN, p < 0.01). The mRNA expression in the UCMS+P8 group was significantly lower compared to that of the P8 group (PSD95, p < 0.01; SYN, p < 0.01). No statistically significant difference was found between the R1 and UCMS+R1 groups (Fig. 3) . These results suggest that chronic stress downregulates the mRNA expression of PSD95 and SYN.
Discussion
The SAMP8 mice are characterized by accelerated brain aging and age-related spontaneous cognitive impairment compared to the SAMR1 mice, which exhibit a normal aging process [25] . Although a large number of studies [26, 27] have demonstrated that stress participates in the pathogenesis of AD, the mechanisms of these stress-induced effects are not well understood. Here we assessed the effects of chronic stress on cognitive function in the SAMP8 mice and explored the neurological mechanisms. The MWM experiment showed that compared to the SAMR1 mice, the SAMP8 mice showed a decline in cognitive ability. In addition, chronic stress aggravated this cognitive deficit in the SAMP8 mice. Our results indicate that cognitive functions decreased with brain aging and chronic stress aggravated this cognitive deficit in aged mice.
Hippocampal synaptic plasticity plays an important role in the process of learning and memory and in the development of neurodegenerative diseases [28] [29] [30] . Brain aging is accompanied with a decline in cognition, synaptic function, and structure in the hippocampus, which is responsible for learning and memory formation and consolidation [31] [32] [33] . Stress dramatically influences long-term synaptic plasticity in the hippocampus, which is a brain region that is particularly sensitive to previous stressful experiences. Alterations of synaptic morphological structure and transmission function are associated with alterations in neurotransmitters, receptors, and proteins in neurons and at synapses [34, 35] . Moreover, changes in synaptic markers can reflect changes in morphological plasticity [36] . To explore the neurological mechanisms of chronic stress, we observed changes in the expression of SYN and PSD95, both of which are markers of synaptic plasticity. SYN, which is a marker of the synaptic density, is the most abundant presynaptic vesicle transmembrane protein and has been widely used to investigate synaptogenesis [37] . The postsynaptic density (PSD) is a highly concentrated protein complex that is located beneath the postsynaptic membrane. The PSD95, which is crucial for cognitive functions, is a 95-kDa protein that is highly enriched in the PSD. An extensive body of research [38] [39] [40] has demonstrated that SYN and PSD95 are closely associated with synaptic formation, transmission, and remodeling. Consistent with these results, our research demonstrated that the SAMP8 mice have decreased SYN and PSD95 expression compared to the SAMR1 mice, and that chronic stress further downregulated these expression levels in the SAMP8 mice. These results suggest that structural plasticity was significantly impaired in the stress-challenged SAMP8 mice. Our results show that the impact of chronic stress on cognitive decline was strongly associated with an impairment of synaptic plasticity via the regulation of SYN and PSD95 expression.
Several studies have reported that the aging brain shows a greater vulnerability to stress. Furthermore, neurotoxic drugs were used to show that the aging hippocampus is more vulnerable than the young hippocampus [41] . Similarly, our findings herein indicate that the SAMP8 mice are more vulnerable to chronic stress. However, the mechanism of this vulnerability remains elusive.
The hippocampus, which is associated with cognition, is the most vulnerable region to aging and stress [42, 43] . Aged animals show decreased plasma corticosterone levels [44] , which downregulate glucocorticoid (GC) receptor synthesis and binding in the hippocampus and influence the function of the hypothalamo-pituitary-adrenal (HPA) axis, leading to a decrease in hippocampal neurons [43] [44] [45] [46] [47] [48] . Furthermore, several studies [49] [50] [51] have focused on the relationship between stress and neurogenesis, and found that chronic stress reduces neurogenesis. Yan et al. [25] reported that chronic stress impairs cognition and hippocampal neurogenesis in the SAMP8 and SAMR1 mice, but the effect is more severe in the SAMP8 mice. Thus, aging enhances the vulnerability to chronic stress, which may result in severe stress-induced damage, including neurobehavioral changes. Our results showed that compared with the SAMR1 mice, the SAMP8 mice had decreased mRNA and protein expression of SYN and PSD95 in their hippocampus, which indicated an impairment of synaptic plasticity and an increase in the vulnerability of the hippocampus. Another interesting observation is that the stress-challenged SAMR1 mice did not show a decrease in cognitive ability or SYN and PSD95 expression. These results differed from those in previous studies [25] that reported that the SAMR1 mice are also influenced by chronic stress. Our study identified 2 factors that were related to a cognitive deficit, that is, aging and the duration of the stressors. The effects of stress on cognition may rely on the type, intensity, and duration of the stressor [52] . We speculate that the SAMR1 mice might have adapted to the duration and intensity of our stressors; thus, we did not observe a significant impact on the SAMR1 mice.
In conclusion, our results demonstrate that decreased cognition and synaptic plasticity are related to aging, that chronic stress aggravated this cognitive deficit and decreased SYN and PSD95 expression in the SAMP8 mice, and that the SAMP8 mice are more vulnerable to the detrimental effects of chronic stress on cognition than the SAMR1 mice. The neurological mechanisms of chronic stress on cognition might be associated with a decrease in hippocampal SYN and PSD95 expression, which is critical for structural synaptic plasticity. Nevertheless, our study is not without limitation. For example, our results do not identify a mechanism for the effects of chronic stress on the expression of SYN and PSD95. Furthermore, PSD95 and SYN are related to structural synaptic plasticity, but we did not evaluate the effects of chronic stress on functional synaptic plasticity, such as LTP or LTD. Future studies should also evaluate the effects of chronic stress on apoptosis in the brain. Finally, another important consideration for future research is to investigate treatments that improve cognitive dysfunction in the stress-challenged SAMP8 mice. Overall, the present study improves our understanding of stress-induced cognitive impairment in the elderly, and offers new opportunities for research on the effective treatment of dementia.
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